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A Linear Eddy Current Speed Sensor with a
Perpendicular Coils Configuration

Mehran Mirzaei and Pavel Ripka

Abstract—This paper presents a new linear eddy current speed
sensor with rectangular-shaped coils. The excitation coil and the
pick-up coil have a perpendicular configuration without a
magnetic yoke. The proposed sensor is shorter than the previous
designs. The sensor works for a conductive moving target; in this
paper we present calculations and an experimental verification for
solid iron and aluminum moving part materials. A novel 3D
analytical method is presented for the description and for the
design of an eddy current speed sensor that is fast and has high
precision. The source fields and the reaction fields caused by
induced eddy currents are separated in our 3D analytical method,
which facilitates an enhanced investigation of the features of the
speed sensor. Evaluations of the effects of the moving part material
and of coil lift off on the performance of the speed sensor are made
with the use of a 3D analytical method. Measurements are
performed for an eddy current speed sensor at different speeds up
to 11.65 m/s and at different frequencies with a novel analytical
model in terms of the induced voltage in the pickup coil versus
speed. Simplicity and high precision are the main advantages of
the proposed speed sensor. The achieved linearity error is 0.47%
(measured) up to 11.6 m/s, and 0.43% (calculated) up to 117 m/s
(420 km/h).

Index Terms—Eddy current, speed sensor, perpendicular coils,
3D analytical method, conductive targets

I. INTRODUCTION

PEED measurements of moving objects are essential for

industry, for example, in railway transportation, trains,
metros and Maglev [1]-[3]. Optical sensors and variable
reluctance magnetic sensors are widely used for railway speed
measurements [4]-[7]. However, they require optical or
magnetic saliency on the moving object, and optical sensors are
very sensitive to dirt and dust. Other methods are tachometers,
microwave Doppler radar, accelerometers, GPS and correlation
methods using two sensors for speed measurements in railway
applications. Doppler radar is subject to angular error [8], while
GPS is not available in tunnels.

Contactless magnetic speed sensors are more suitable for
railway applications where there is a high probability of dirt and
dust. Existing magnetic speed sensors based on variable
reluctance use permanent magnets for excitation or Hall sensors
for signal pick-up. However, existing sensors suffer greatly
from temperature dependency, especially in a high-temperature
environment [9]-[11]. Traditional speed sensors for trains,
based on variable reluctance, optical and tachometer
measurements, make indirect linear speed measurements, and
they are operated on a rotating train wheel [4]. Therefore, any
fault in the wheel can cause an error in the speed sensor output.

Wheel wear, sliding and slipping are sources of errors in
indirect linear speed sensors. A sensorless speed estimation
method is also utilized in the linear and rotating propulsion
system [12]-[14], but it is insufficiently tolerant to electrical
faults in the drive system, and it is also a slower method for
speed estimation.

Induced eddy currents have been utilized for a long time in
electromagnetic devices for drive, for braking and for
measurements such as rotating and linear induction machines,
eddy current brakes and eddy current position sensors [15]-[17].
Utilizing the speed component of the induced voltage has a long
history in electrical engineering, e.g. the Faraday generator, the
homopolar generator, and magnetic flowmeters [18]-[19]. The
metal industries also use and evaluate the speed component of
induced eddy currents for non-destructive testing [20]-[23].

One type of speed sensor based on eddy currents in a metallic
moving body with a smooth surface used a Hall sensor with a
two-pole permanent magnet excitation field [24]. The
disadvantage of this DC method is the high temperature offset
drift caused by the Hall sensor, and the large influence of
external magnetic fields. A speed sensor based on the high
sensitivity of an amorphous core with a ring shape mounted on
a solid iron E shape core for magnetic field excitation was
presented in [25]. The contactless eddy current speed sensor for
a railway wheel using a freely-rotating permanent magnet rotor
presented in [26] in fact measures only the wheel speed and not
the rail speed, not the linear speed of the train.

The performance of a parallel (longitudinal) and
perpendicular (transversal) eddy current speed sensor with air
coils excitation and pick-up air coils was analyzed and
measured in [27]-[28]. The moving part in the eddy current
speed sensor was made of aluminum, which is a non-magnetic
material and has fewer industrial applications than solid irons
and steels. The authors have presented linear axisymmetric and
longitudinal eddy current speed sensors with air coils and solid
iron moving parts [29]-[31], which showed the complexity of
the eddy current speed sensor for a solid iron moving part in
comparison with aluminum or some other non-magnetic
conductive moving part.

The main problem with sensors that use a magnetic core or
yoke is poor stability of the sensitivity of the sensor, caused by
the changes in magnetic properties with time and temperature.
We therefore decided to use air coils, despite their lower
sensitivity. A perpendicular-type eddy current speed with air
coils is presented in this paper, and measurements are
performed up to a maximum speed of 11.65 m/s. An evaluation
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of the performance of the eddy current speed sensor at higher
speeds is also presented.

Il. MODELING

Fig. 1 shows a 3D computational model of the eddy current
sensor. The pick-up coil is perpendicular to the excitation coil.
The pick-up coil is located exactly in the middle of the
excitation coil. The induced voltage in the pick-up coil is zero
when the speed, V, is zero, as the excitation coil magnetic flux
is symmetrical and the flux linkage to the pick-up coil is zero.
The pick-up coil voltage is not zero at nonzero speed, as the
speed of the moving part causes the magnetic flux to be
unsymmetrical.

Fig. 2 and Fig. 3 show 2D views of the eddy current speed
sensor in the y-x and z-x planes. Table | presents the parameters
of the eddy current speed sensor and the moving part parameters
and dimensions according to Fig. 2 and Fig. 3. The dimensions
and the parameters of the excitation coil and the pick-up coil
are constant in this paper. However, the analytical modeling is
general for different dimensions and parameters of the

excitation and pick-up coils.
TABLE |
EDDY CURRENT SPEED SENSOR PARAMETERS

Parameter Definition Value
Ne=N, number of turns in each coil 200
| current amplitude 0.135 A
L moving part width 110 mm
d moving part thickness 5mm
W inner coil width 40 mm
he height of each coil 5mm
te thickness of each coil 3.5mm
Om gap between coil and moving part 6.25 mm
Jc gap between coils 2.5 mm
o solid iron conductivity 6.0 MS/m
Oa solid aluminum conductivity 33.5 MS/m
Ir solid iron permeability 100
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Fig. 1. A 3D computational model of the eddy current speed sensor with
perpendicular configuration of the excitation coil and the pick-up coil and the

moving part with speed, V
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Fig. 2. A 2D view of the eddy current speed sensor in the y-x plane with
computation regions, s;, s; and s; related to the source fields of the excitation
coil, and ry, r, and r; related to the reaction fields of the moving part
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Fig. 3. A 2D view of the eddy current speed sensor in the z-x plane

The magnetic analyses of eddy current speed sensor are
presented in two steps to separate source fields of excitation
coils and reaction fields of induced eddy current in the moving
part. This procedure also simplifies the analytical modeling of
the eddy current speed sensor.

A. Only the Excitation Coil

First, only the magnetic fields caused by the excitation coil
are considered as a source field. The partial differential
equations in 3D utilizing the x and z component of the magnetic
vector potential, Ax and A;, derived from the Maxwell
equations, are presented in (1) [32] for three regions si, s2 and
s3 in Fig. 2. Regions s1, S and s; are addressed to the parts in
Fig. 2 that are below the excitation coil, the excitation coil, and
above the excitation coil, respectively.

A, A, A
+ -+

=0
ox? oy oz°
A, A, A @
2 + 2 2 __/uo‘]s,z
OX oy oz
A, O°A, AL
>+ R =0
OX oy oz

A magnetic gauge condition is necessary to obtain a unique
solution of (1). Coulomb gauge and Lorentz gauge are usually
used for gauging [32]-[36]. They give eause-the same results in
numerous magnetic models with the eddy currents [34].
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However, Coulomb gauge is more suitable in nonconductive
regions and it does not include electrical scalar potential in the
formulation. Therefore, Coulomb gauge condition in (2) is
considered to obtain solutions for Ay and A, .

vV A—0 B A )
OX oz

Only the x and z component of the magnetic vector potential,
Ax and A, are considered, as the excitation coil is parallel to the
conductive moving part or the z-x plane, and the y component
of the magnetic vector potential, Ay, is considered negligible. Js
is the source current density in (1) corresponding to region s,.

The separation of variables method is used to solve the partial
differential equations in (1). Equations (3) and (4) are based on
these assumptions that the magnetic fields are a sinusoidal

function versus time,ej“‘, and the periodical sinus series
functions in x and z directions with 2l and 2L periods,

g ikn+ki?) vespectively [32], [36]-[37]. Parameters | and L are

longitudinal-length and transversal-width of the model in x-
direction and z-direction, respectively. They correspond to the
boundaries, where magnetic fields are specified as zero values.
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where, fis frequency. The solutions of (1) are calculated in (5)
and (6) for regions s, sz and ss.
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Parameter J, in (6) corresponds to the source coil modeling
(Fig. 4), which are calculated for rectangular coils with right-
angled corners instead of round corners to simplify
formulatiens in (6). Using right-angled corners has negligible
error as the round part has relatively small length to the whole
length of the coil. The constants Ci’s and C;’s in (5) are
calculated using boundary conditions between regions s, s, and
szin (7), which are presented in (8). Parameters By, Hy and H,
in (7) and (8) are the y-component of the magnetic flux density,
the x-component of the magnetic field strength and the z-
component of magnetic field strength, respectively.
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Fig. 4. 3D view of the excitation coil and the pick up coil and integration line,
| and integration surface, s of (9), (14) and (15)
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The self-inductance of the excitation coil related only to the
excitation coil fields, Le.s is as follows:
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where Y. is the flux linkage. Line integration (dl) of ASZ

(magnetic vector potential in the excitation coil region in (5)) in
(9) is applied to the excitation coil in the current flow direction,
which is shown with the dashed line in Fig. 5. The surface
integration (ds) in (9), is for the coil cross-section area, which
is averaged over the coil cross-section area, h¢-tc. It is shown
with a shaded cross section in Fig. 5.

Table Il shows the excitation coil inductance calculations
using (9) in comparison with the experimental result.

TABLE Il
EXCITATION COIL INDUCTANCE WITHOUT MOVING PART
Frequency Experimental Analytical
3.49 mH 3.34mH

B. Including Conductive Moving Part

The partial differential equations, including the moving part
regions, are as follows [32], [38]-[39]:
azA\ZI' 62AZT azA\ZI'
N + I + T
ox* oy® 0z°
azA”z aZA”Z aZA”Z
+

ox? oy? 0z°

aAz,rz vV aAz,r2 0
— O + . =
Ho ot ox

azAua aZAZ,,s 82AZ,,3
+ +

ox* oy? oz°

Regions ry, r, and r3 are addressed to the parts in Fig. 2,
which are below the moving part, the moving part and above
the moving part, respectively. ur is the relative magnetic
permeability, o is the electrical conductivity. Only linear
magnetic permeability is considered for iron moving part, due
to the low magnetic fields in the eddy current speed sensor, so
that the magnetic nonlinearity and hysteresis effects are
negligible. V is moving part speed in (10).

The solutions of (10) are presented for regions, ry, 1, and r3

=0

(10)

=0

in (11) using Coulomb gauge condition in (2). The constants of
(11) are calculated using the boundary conditions [36] in (12),
which are presented in (13).
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The self-inductance of the excitation coil related only to the
reaction fields of the induced eddy current in the moving part,
Ler and the total self-inductance, L., are presented in (14). The

same procedure as (9) for integration is performed. Ar3 is the
magnetic vector potential in region rs.
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The excitation coil and the pickup coil have the same
dimensions and the same number of turns in this paper. The
induced voltage in the pick up coil, Uy, can be calculated using
(15), which is presented in (16). Only the reaction fields caused
by the induced eddy current in the moving part are considered
for voltage calculation, as the source fields of the excitation coil
do not induce voltage in the pick-up coil.

-(exp(-
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where ¥, is the total average mutual flux linkage over the

volume of the pick-up coil. Line integration of Ar3 is applied

to the pick-up coil region in the artificial current flow direction
(the y-z plane), which is shown with the dashed line in Fig. 4.
The line integral is considered only in the z-direction of the coil
sides, as the y-component of the magnetic vector potential is
zero. The surface integration in (15) is for the pick-up coil
cross-section area shown with a shaded cross section in Fig. 4,
which is averaged over the coil cross-section area, h¢-tc. The
polarity of the induced voltage changes with the changes in
speed direction.
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Fig. 5 - Fig. 8 show the 2D magnetic flux lines distribution
in the y-x plane. The magnetic flux lines distribution is the
equipotential contour plot of z-component of the magnetic
vector potential, A; in the x-y plane (z=0), where Axis zero [30].
And the 2D eddy current distribution in the z-x plane in the
moving part. The eddy current distribution is a contour plot of
streamline function, ly in (17) in x-z plane [40] on the surface of
the moving part (y=0).
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Fig. 5. Magnetic flux distribution and vector plot for an iron moving part in the
y-x plane (z=0)
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Fig. 7. Eddy current distribution and vector plot on surface of an iron moving
part the z-x plane (y=0) at 100 Hz and 11.65 m/s
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Fig. 8. Eddy current distribution and vector plot on the surface of an aluminum
moving part the z-x plane (y=0) at 100 Hz and 11.65 m/s

Table 111 shows the analytical and experimental results for
self inductance of the excitation coil with an iron moving part
at different frequencies. It shows that the analytical modeling is
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highly accurate.

TABLE IlI

EXCITATION COIL INDUCTANCE WITH AN IRON MOVING PART
Frequency Experimental Analytical
20 Hz 4.19 mH 4.02 mH
60 Hz 4.13 mH 3.98 mH
120 Hz 4.09 mH 3.93 mH
240 Hz 4.03 mH 3.87mH
360 Hz 4.0mH 3.83 mH
1800 Hz 3.78 mH 3.60 mH
4500 Hz 3.59 mH 3.43 mH

I1l. EXPERIMENTAL RESULTS

Fig. 9 shows the experimental setup and the eddy current
speed sensor. A rotating disk is used to model the linear speed
for the sensor. The size of the sensor is very small in
comparison with the radius of the rotating disk. The use of a
disk or a cylinder is a common method for approximate
modeling of linear motion [41]. A lock-in amplifier, SR830
manufactured by Stanford Research Systems is used to measure
the pick-up coil voltage. The schematic model of lock--in
amplifier is depicted in Fig. 10. The excitation coil with 19 Q
resistance is in series with an external resistance and signal
generator as a voltage source with internal resistance 50 Q and
10 V amplitude. The voltage drop on the ef—external
resistorance is used as reference signal for the lock-—in
amplifier, which represents excitation coil current.

The experimental results for the real component (U;) and the
imaginary component (U;) of the pick-up coil voltage are
presented in Fig. 11 and Fig. 12 for aluminum and iron moving
parts.

| ‘ Excitation Coil™
Fig. 9. Experimental set up — A rotating disk as the moving part (left), and the
eddy current speed sensor including the excitation coil and the pick-up coil with
a perpendicular configuration (right)

Pick up coil
—
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Fig. 10. Schematic model of lock in amplifier and excitation coil and pick up
coil
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Fig. 11. Experimental results for the real and imaginary components of the
pick-up coil voltage (rms value) — Aluminum moving part
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Fig. 12. Experimental results for the real and imaginary components of the
pick-up coil voltage (rms value) — Iron moving part

The imaginary and real components of the voltages are
obtained relative to the excitation coil current as a reference
signal. The pick-up coil-induced voltages show different trends,
depending on the materials of the moving part and the
excitation frequency. The sensitivity of the sensor is defined for
the slope, K of curve fitted straight-tine—linear function of
induced voltage, U versus speed, V eurve—(U=K-V). The
sensitivity of the speed sensor is higher with an aluminum
moving part at lower frequency, but its sensitivity decreases
with increasing frequency. The opposite phenomenon occurred
in speed sensor performance with an iron moving part, where
the sensitivity increases with increasing frequency. The
sensitivities for the absolute value of the voltage are 0.08664
mV/(m/s) and 0.09659 mV/(m/s) for an iron moving part at 240
Hz and at 360 Hz, respectively.

The linearity error decreases with an iron moving part at
higher frequencies, as shown in Fig. 13 and Fig. 14, which
compare the linearity error of real, imaginary and absolute (

U, =JUZ+U?) components of the voltage at 240 Hz and at

360 Hz. The error is less than 0.47% for the real component of
the voltage at 360 Hz. The distance from the middle of the speed
sensor to the outer circumference of the disk is 55 mm, so the
parameter L moving part width is physically considered to be
110 mm for analytical modeling (Fig. 3 and Table I). However,
parameter L is practically increased to 150 mm in the analytical
modeling to take accurately into account the flux leakage
around the excitation coil. The comparisons between analytical
modeling and the experimental results are shown for aluminum
and iron moving parts in Fig. 15 for the absolute component of
the voltage, which shows that the analytical model is highly
accurate. The analytical calculations fit the ceincide-wellwith
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measurements with low errors, for example, the error is about
4% and less for iron moving part at 360 Hz (Fig. 16). Therefore,
the analytical model is a suitable computational tool for
parametric analysis and design optimization of sensor and its
performance analysis at higher speeds.

240 Hz 240 Hz
1.5 2
o Iron - Re. (Exp.) —Re.
—lron - Re. (Curve fit.) 15 = -lm.
¢ Iron - Im. (Exp.) =+ Abs.
= -lron - Im. (Curve fit.) 4
< 1 °ron-Abs. (Exp) - 1
e lran - A fit. —_
E, ron - Abs. (Curve fit.) - Sos
® =
=3 4
3 w O
= 0.
-0.5
-1
-1.5
0 5 10 15 0 5 10 15

Speed (m/s)
Fig. 13. Experimental voltages and linear curve fitting and linearity error results
for the real (Re), imaginary (Im) and absolute components of the pick-up coil
voltage at 240 Hz

Speed (m/s)

360 Hz 3 360 Hz
© Iron - Re. (Exp.) AN —Re.
—Iron - Re. (Curve fit.) [N - -Im
@ Iron - Im. (Exp.) 2 A - Abs.

- -Iron - Im. (Curve fit.) E
1| ¢ Iron - Abs. (Exp.) &
~lIron - Abs. (Curve fit)| 4

Voltage (mV)

o
3

0 5 10 15 0 5 10 15
Speed (m/s) Speed (m/s)
Fig. 14. Experimental voltages and linear curve fitting and linearity error results
for the real (Re), imaginary (Im) and absolute (Abs) components of the pick-up
coil voltage at 360 Hz
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IV. PARAMETRIC ANALYSIS FOR AN IRON MOVING PART

The mechanical or magnetic airgap variation, gm, is a high
influence factor on the eddy current speed sensor performance,
as shown in Fig. 17. The sensitivity values are presented in
Table 1V for different mechanical gaps, gm. Its effect is stronger
on the imaginary component of the voltage when sensitivities
are compared at different mechanical gaps. This is the case
when the iron moving part is not perfectly smooth, voltage
versus speed curve can be less linear.

TABLE IV
SENSITIVITY FACTORS CONCERNING FIG. 17
Gap, gm Real, Kr Imaginary, K,
3.125 mm 0.1229 mV/m/s 0.0672 mV/m/s
6.25 mm 0.0852 mV/m/s 0.0455 mV/m/s
9.375 mm 0.0598 mV/m/s 0.0309 mV/m/s

Solid irons and steels used in construction have different
conductivities and initial relative magnetic permeabilities,
which depend on their chemical composition and on the
manufacturing process, as has been shown for solid irons used
in railway construction [42]-[43]. The conductivity and the
magnetic permeability of solid iron are highly dependent on
temperature [44]. For example, the measured conductivity and
the temperature, 9 (°C),-dependency of the used solid iron
moving part in this paper is: ¢ (MS/m)=6.2/(1+0.0045-(6-20)).
For instance, the conductivities of iron, o (MS/m) are 7.6, 6.8,
6,5.7 at-20 °C, 0 °C, 27 °C, and 40 °C, respectively. Therefore,
temperature compensation is required for industrial
applications of the eddy current speed sensor.

Fig. 18 shows the pick-up coil voltage versus speed for
various values of conductivity and relative permeability of an
iron moving part. The pick-up coil voltage increases with
decreasing relative permeability and increasing conductivity. It
is noticeable from the voltage values at 360 Hz excitation
frequency that the higher conductivity and lower permeability
of solid iron cause higher sensitivity for the eddy current speed
sensor. The sensitivity increases by 37% with decreasing
relative permeability from 125 to 50 for ¢ = 4.0 MS/m and it
increases by 30% for ¢ = 7.0 MS/m. The sensitivity decreases
by 13% with decreasing conductivity from 7.0 MS/m to 4.0
MS/m for ur = 50, and it decreases by 18% for u, = 125. The
sensitivity values are presented in Table V concerning Fig. 18.

TABLEV
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SENSITIVITY FACTORS CONCERNING FIG. 18
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Fig. 18. The absolute (Abs) component of the pick-up coil voltage with
different conductivity and relative permeability for an iron material — Analytical
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Fig. 21. The real, imaginary and absolute component of the pick-up coil voltage

at higher speeds — Analytical

The skin and magnetic flux penetration depth (
S=1/ /ﬂfgﬂrﬂo ) versus frequency up to 10 kHz and the

induced voltage of the eddy current speed sensor versus moving
iron part thickness up to 20 mm are shown in Fig. 19. It is shown
that skin effect in the proposed eddy current sensor is negligible
if a practical application is in railways, as which-the railhead
height is about 20 mm according to Fig. 20 [45].

V. ANALYSIS OF HIGHER SPEEDS

The voltage results of an eddy current speed sensor at higher
speeds of about 58 m/s (210 km/h) and 117 m/s (420 km/h) are
presented in Fig. 16. Excitation frequencies of 1.8 kHz and
4.5 kHz are quite sufficient for maximum speeds of 58 m/s and
117 m/s in order to obtain satisfactory linearity for the speed
sensor in the whole speed range. The excitation current
amplitude, I =135 mA, (Table 1) is used for the analysis of the
eddy current sensor and induced voltage calculations in Fig. 21
at higher frequencies.

However, the reactance of the excitation coil could have
influencebe-influential on the excitation current amplitude at
high frequencies with a constant voltage source of the excitation
coil. For example, the reactances (wLe) of the excitation coil are
calculated as 9.05Q, 42.75 Q and 101.51 Q using the
inductance values in Table Il at 360 Hz, 1.8 kHz and 4.5 kHz,
respectively. Equation (18) presents excitation current
amplitude, | function of source voltage amplitude, Us, source
internal resistance, Rs, external resistance-, Rex, €xcitation coil
resistance, R and excitation coil reactance, wL.. For example,
the current amplitudes, | wereare calculated 0.137 A, 0.119 A
and 0.080 A (in this paper, R=50 Q, Rex=3.7 Q, =19 Q) without
consideration of cable impedance at frequencies, 360 Hz,
1.8 kHz and 4.5 kHz, respectively.
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U

= :

\/(RS + REX + Re )2 + (a)Le )2

(18)

A higher source voltage is therefore required to keep the
excitation current amplitude large enough to obtain sufficient
sensitivity for the sensor at higher frequencies.

TABLE VI
SENSITIVITY FACTORS CONCERNING FIG. 21
Frequency Re, KR, |m, K|, AbS, KA,
mV/m/s mV/m/s mV/m/s
1800 Hz 0.142 0.039 0.147
4500 Hz 0.164 0.018 0.165

VI. DISCUSSIONS

The wire diameter of the excitation coil in this paper is 0.2
mm and the current density in the wire is 3.03 A/mm?, which
does not heat up the excitation coil even without forced cooling.
The skin effect is calculated less than 0.1% on the winding
losses at 4.5 kHz. Induced eddy current losses in the moving
part iron caused by excitation coil is negligible as ampere turn
of excitation coil is only 26.9 AT (Ampere turn - amplitude)
and the sensor has air coil configuration with 6.25 mm magnetic
gap between the coil and moving part, therefore surface heating
of moving part is negligible even with a larger current in large
size of disk shape moving part in this paper or real iron rails in
comparison with the sensor dimensions. Temperature
compensation in the eddy current speed sensor is required
against heating of excitation coil and moving part or iron rails.

The main advantages of perpendicular type of eddy current
speed sensor in comparison with parallel type one with
magnetic shielding and yoke in [31] are: 1- it has single pick up
coil and less asymmetrical position error relative to the
excitation coil in comparison with two pick up coils in parallel
type. 2- It is more suitable at high speeds as reactance of
excitation coil is less in air coil eddy current sensor and the
excitation coil current becomes less dependent on the
temperature. 3- The variations of magnetic properties of the
magnetic yoke in [31] due to the ageing or operation in a harsh
environment, for example, railways could affect sensor
performance, which is avoided in air coil perpendicular speed
sensor despite its less sensitivity.

The proposed speed sensor has merits for industrial
applications, for example, for railways over traditional methods
for speed measurements using variable reluctance wheel with
Hall sensor and alternative optical one [46], which are simple
and cost effective structure, lower maintenance, higher
mechanical sensor fault tolerant, direct measurement of linear
speed avoiding wheel sliding and slipping error, and
nondestructive methodology-and-ete.

Industrial designs of noncontacting inductive proximity and
inductive linear displacement sensors with a miniaturized
configuration for magnetic and electronic signal processing and
conditioning parts were presented in [47]-[48]. They used 2D
and 3D finite element method for analysis and simple analytical
calculations for the sensors evaluations. Their methodologies
could be utilized for liftoff compensation of eddy current speed

sensor and miniaturization of electronic for industrial models.

VII. CONCLUSION

Experimental and theoretical results for a perpendicular-type
eddy current speed sensor with air coils have been presented.
Solid iron moving parts and aluminum moving parts were both
considered for an evaluation of the material effects on the eddy
current speed sensor. Different excitation frequencies were
utilized in order to obtain greater linearity and sensitivity,
especially with the solid iron moving part. Increasing frequency
improves the linearity of the eddy current speed sensor with a
solid iron moving part. The linearity error for a solid iron
moving part could be as low as 0.5% at 360 Hz excitation
frequency, which makes the proposed speed sensor a suitable
potential option for linear speed measurements. Lower relative
permeability and higher conductivity cause higher sensitivity of
the sensor. The power consumption of the eddy current speed
sensor is 173 mW with excitation coil resistance of 19 Q.

A performance evaluation of the eddy speed sensor at high
speed, 117 m/s (420 km/h) has also been presented. It shows
excellent linearity of 0.43% at 4.5 kHz excitation frequency.

Optimization of a perpendicular-type eddy current speed
sensor in terms of maximizing its sensitivity to the power
consumption ratio is planned for future work. Compensation of
the mechanical gap variation and the temperature dependency
effects of moving part materials will also be investigated in the
future.
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